In vivo synthesis of cellulose by Acetobacter xylinum was monitored by darkfield light microscopy. Cellulose is synthesized in the form of a ribbon projecting from the pole of the bacterial rod. The Cellulose biosynthesis by Acetobacter xylinum has been widely investigated (1) (2) (3) (4) (5) (6) . It is generally believed that the synthesis of microfibrils occurs by an extracellular process involving the sequential addition of glucose residues to the growing tips at a distance from the cell (5-7). The biochemical reactions of cellulose synthesis have been extensively documented, the intermediate products being hexose phosphates (8), sugar nucleotides (9), and perhaps glycolipids (6) . However, recent findings from kinetic data (1) and biochemical incorporation studies using defined cell wall extracts (2-4) indicate a closer relationship than previously expected between the bacterial envelope and the cellulose polymer.
microfibrils occurs by an extracellular process involving the sequential addition of glucose residues to the growing tips at a distance from the cell (5) (6) (7) . The biochemical reactions of cellulose synthesis have been extensively documented, the intermediate products being hexose phosphates (8) , sugar nucleotides (9) , and perhaps glycolipids (6) . However, recent findings from kinetic data (1) and biochemical incorporation studies using defined cell wall extracts (2-4) indicate a closer relationship than previously expected between the bacterial envelope and the cellulose polymer.
The purpose of this investigation is to clarify and lay groundwork on the cytology of cellulose formation in Acetobacter xylinum. In order to achieve this, we have carefully observed the dynamics of the in vWo process, using darkfield and Nomarski interference microscopy. We have also made use of electron microscopic techniques of thin-sectioning, negative staining, and freeze etching. From these approaches has emerged a coherent pictureof cellulose microfibril assemblyone which should be of benefit to future biochemical, cytochemical, and physicochemical-studies of the process.
METHODS
Growth Conditions. Acetobacter xylinum strain ATCC 23769 from the American Type Culture Collection was maintained on mannitol agar slants. Pellicles were produced at liquid-air interfaces of standing cultures in Schramm and Hestrin's glucose medium (10) at 250. Pellicles aged hr were used.
Isolation and Culture of Cells. The pellicles described above were transferred to a flask of deionized water and shaken vigorously by hand in order to separate the cellulose-synthesizing bacteria. The pellicle retains its integrity during this process, and the bacteria are readily poured off. The separated bacteria were centrifuged at approximately 1400 X g for 5 hours, giving rise to an intermeshing network, familiar as the cellulosic pellicle (Fig. 2) . Microfibrillar growth was determined to originate at the bacterial surface rather than at tip regions distinctly separated from this organism as follows. Once the microfibrillar ribbons had lengthened sufficiently for them to stick to the cover slip, it was possible to use the ocular micrometer as a reference marker. A distinctive tip was placed to coincide with one end of the micrometer scale, and the bacterium was observed at a given value at the other end of the scale. It was found that the position of the attached tip did not change, but that the bacterium moved at a steady rate of 2 ,um min1, producing a continuous, elongating projection.
Negative Staining. Having established with living cells that the microfibrillar ribbons constituting the cellulosic pellicles are attached to the bacteria and elongate only at the end associated with the cell, we followed the process more carefully at the ultrastructural level with negative staining (Fig. 3) .
In a few fortuitous instances in To preparations, remnants of the microfibrillar ribbon were observed along the longitudinal axes of bacteria (Fig. 4) . Approximately 50 fine projections, which appear wavy and may be helical, emerge from the cell surface. The projections appear to be integrated into an accumulating ribbon, running parallel with the bacterial axis. These projections pass towards one pole. In the case illustrated, it seems probable that the microfibrillar ribbon had been broken close to the polar region during the separation process described above. We suppose that the lateral stress that broke the microfibrillar ribbon placed stress on the attachment sites along the longitudinal axis, resulting in a tearing from these sites of the forming (nascent) microfibrils that constitute lateral projections always tapered to points (Fig. 7) , and the lengths of the lateral projections (and therefore the tapers) were always similar to the pattern observed along the lengths of the bacterium shown in Fig. 4 . The ends of ribbons usually tapered in cases where lateral projections were absent. We interpret these results as indicated in the diagram (Fig. 15) .
Freeze Etching. Having determined, using negative staining, that the ribbon is subdivided into microfibrils which have independent termini along the length of the bacterial envelope, we looked for further structural information using freeze etching of never-dried, untreated cells. Fractures usually occurred within the outer lipopolysaccharide membrane, as demonstrated by rare cases in which the inner plasma membrane was also fractured (Fig. 10) . In many cases, distinctive rows of particles extending most of the length of the bacterium were found on both EF and PF (see ref. 12 for freeze-etching nomenclature) fracture faces of the outer membrane (Figs. 11  and 12 ). In cases in which a microfibrillar ribbon was associated Fig. 9 . Glutaraldehyde/tannic acid-fixed thin transverse section showing the close relationship between the ribbon (center) and the surface layer of the envelope, X111,000. Fig. 10 . Freeze-etch micrograph showing external surface revealed by etching (large arrow), fracture face of outer lipopolysaccharide membrane (F), and fracture face of plasma membrane (small arrow), X18,000. with the etched, outer surface of this membrane, the linear axes of the rows of particles and ribbons coincided (Fig. 13) . Ribbons revealed by ice-etching (Fig. 14) were equivalent to those observed in negatively stained preparations. Frequently, the appearance of both the particles constituting the axial row and other particles in the outer membrane suggested plastic deformation (Fig. 13) .
Thin Sections of Fixed Cells. Sectioned material fixed with tannic acid to improve the preservation of soluble proteins (13) revealed that the cell envelope consists of an electron-transparent periplasm, an electron-dense lipopolysaccharide layer, and an encompassing electron-dense granular layer (Fig. 8 and  9 ). Cross sections through the rod show the microfibrillar ribbon to be tightly associated with the outer granular layer (Fig.  9) . DISCUSSION It is clear from these investigations that: (i) growth of microfibrils occurs at the cell surface; (ii) there is one line of structures, axially arranged, within each bacterial envelope which must be associated with the forming ends of microfibrils; (iii) 50 or so microfibrils generated in a row by each bacterium associate close to the surface of the bacterial envelope to constitute a ribbon which extends from the cell; and, (iv) the ribbon grows at a rate of 2 ,um min-for an indeterminate length to form the familiar pellicle at the air-liquid interface.
Cooper and Manley (2-4) have shown that several of the enzymes necessary for the synthesis of the uridine diphosphoglucose (UDPG) precursors of cellulose lie within the bacterial envelope, and they suggest that a carrier molecule is synthesized there. The structures that we have observed may represent these enzymes. That there is a direct relationship between these structural features and the microfibrils constituting the cellulosic ribbon implies that the final stages of microfibril synthesis occur very close to these intermediate enzymes. We suggest that the enzymes are locked together to form an enzyme complex.
Our interpretation of the results, although indicated by recent studies (1) (2) (3) (4) , is at variance with the interpretations of several preceding studies [see reviews by Colvin (5, 6) ] that cellulose microfibril synthesis occurs at a distance from the bacterium. It seems possible that ethanol extraction (7, 14) removed precursors from their in vio sites, leading to the conclusion that the experimental conditions are equivalent to in vivo conditions. The results are also at variance with the electron microscopic observations of Millman and Colvin (15) . We suggest that the collodion solvent used in making the pseudo-replicas used in their study may have produced unanticipated changes. It seems clear from our studies that the sites of attachment of the microfibrillar ribbons to bacteria are readily damaged. Remarkably, some of our observations had been made before, but without their significance having been realized. For instance, the coiled lateral projections produced by tearing microfibrils from the bacterial surface are clear in earlier micrographs (5, 15, 16) . The substructure of the bacterial ribbon observed in this study is very similar to that described by Ohad and coworkers (16) .
Interesting comparisons of the rate of cellulose synthesis can be made. On the basis of the data of Cooper and Manley (3), we calculated the rate of glucose incorporation into cellulose produced by intact cells (based on radioactive tracers) to be 2.7 amol/hr per cell for their experiments. Calculations from our direct measurements of microfibrillar growth indicate 472 amol glucose converted/hr per cell, a value approximately 174 times greater. Since this report provides in vivo data based on direct observation of the amount of product formed, it seems logical to assume that the methods of measurement based on glucose uptake and conversion into cellulose would yield lower values, particularly if the metabolism has a capacity to shunt some of the feeder glucose into intermediates and compounds other than cellulose (17) . Surprisingly, the early studies on rates of cellulose synthesis by Hestrin and Schramm (18) indicated rates of synthesis comparable to our data (250 amol glucose assimilated into cellulose/hr per cell) even though these data were based on incorporation of radioactive glucose into cellulose. The discrepancy between the results of Cooper and Manley (3) and Hestrin and Schramm (18) cannot be elucidated at present, but our rate of glucose assimilation into cellulose represents a conservative estimate of the highest reported rate for this organism.
In a recent work on the basis of freeze-etch ultrastructure of never-dried cells, Leppard and co-workers (19) suggested that there is an amorphous sheath around forming microfibrils. We found no such sheath and suggest that the influence of the carbon backing film and of undissolved organic material in their replicas, as discussed at length in similar studies (20, 21) (26, 27) . In the bacteria (as exemplified by Acetobacter xylinum in the present study) the synthesizing site appears to be external to the plasma membrane, and it is stationary with respect to the cell surface.
Consequently, the propulsive force of the observed cell movement is created by the directed polymerization and crystallization of the ribbon of cellulose microfibrils along the longitudinal axis of the cell; the resulting propulsion is akin to unilateral cell movement caused by unidirectional slime secretion in some algal cells, for instance, Micrasterias and Hormotillopsis.
From the scant evidence presently available, it is interesting to speculate on the evolution of the systems necessary for the synthesis of cellulose. The systems may have begun extracellularly, subsequently locating in enclosed space exterior to the plasma membrane (the bacterial envelope), then moving to the plasmalemma of eukaryotes with specialization of orienting and mobilizing processes, and eventually residing in the endomembrane system, where highly specialized unit structures (scales) can be fabricated.
